Abstract. RLIP76/RALBP1 is a multi-specific drug-transporter which can mediate drug-resistance in lung and other cancers, but its ability to mediate multidrug-resistance has not been previously demonstrated in hematological malignancy. Present studies in K562 human myelogenous leukemia show that RALBP1 overexpression confers broad resistance to multiple chemotherapy drugs including cisplatin, melphalan, doxorubicin, daunorubicin, vincristine, vinblastine, vinorelbine, and mitomycin-C. Conversely, inhibition of RALBP1 by polyclonal antibodies causes increased drug-accumulation and increased cytotoxicity. These studies demonstrate the potential utility of targeting RALBP1 in the treatment of leukemia.
Introduction
Multidrug-resistance (MDR), a phenotype exhibited by many cancers typified by resistance to the cytotoxic effects of structurally unrelated cytotoxic agents, remains a major obstacle to the eradication of malignancy with chemotherapy. Numerous cellular biochemical mechanisms have been identified as contributors to the MDR phenotype, though the prototypical MDR is most frequently associated with a decrease in cellular accumulation of drug due to active energy-dependent efflux of drugs or metabolites (1) (2) (3) (4) . Accumulation defective MDR is mediated by a diverse array of transporter proteins, some well-characterized as transporters and other for which there is indirect evidence for transporter function.
Pgp (mdr-1 gene product, ABCB1) was the first identified drug-efflux pump shown to mediate resistance to a broad variety of weakly basic amphiphilic xenobiotic compounds through their ATP-dependent efflux (5, 6) . MRP (ABCC1) was subsequently identified as another related transporter protein also capable of mediating MDR through drug-efflux (6) (7) (8) . Subsequently, at least 46 other ABC family proteins have been identified, some with demonstrated transport activities comparable with ABCB1 or ABCC1, and others with presumed transport function on the basis of homology (3, (6) (7) (8) . The most remarkable difference in substrate specificity between ABCB1 and ABCC1 is the ability of the latter to also transport a variety of anionic metabolites such as glutathioneelectrophile thioethers conjugates (GS-E). GS-E, formed through the catalytic action of GSTs in the first and rateregulating step of the mercapturic acid pathway for biotransformation of endogenous and exogenous electrophilic toxins, can be transformed into other more reactive and toxic compounds in cells (9, 10) . Endogenous lipid peroxidation by-products such as the potent pro-apoptotic compound, 4-hydroxynonenal (4HNE), are also metabolized to GS-E (GS-HNE). Inhibiting the efflux of endogenous GS-E inhibits metabolism of 4HNE, increasing the concentration of this reactive lipid aldehyde, and triggering apoptosis (11, 12) . Under certain conditions, GS-HNE can also be reduced by aldose reductase to GS-DHN which is a key signaling intermediate in mitogenic signaling (13) . Cellular accumulation of GS-E is thus a very closely regulated process, and is dependent on the removal of these compounds through active efflux across the plasma membrane, where Á-glutamyl transpeptidase (GGT) located on the outer plasma membrane leaflet catalyzes the next step of mercapturic acid biosynthesis (9) .
Although a number of ABC-transporters can mediate the efflux of GS-E, recent studies of function in knockout animals show that the bulk of efflux of model substrate allocrites such as DOX and GS-E is actually mediated by a non-ABC transporter, RALBP1, a low-affinity high-capacity transporter which has substrate specificity similar to but not identical to ABCC1 and ABCG2 (14) . RALBP1 is a stressresponsive, stress-protective ATP-dependent transporter of GS-E and xenobiotic toxins such as chemotherapy agents (15) (16) (17) (18) (19) (20) (21) (22) . Knockout of the mouse homolog of RALBP1 (referred to as Ralbp1) causes ~80% loss of transport capacity for DOX and GS-E, and markedly increased sensitivity to stress, xenobiotics, as well as ionizing radiation (14) . It serves an anti-apoptotic function by preventing accumulation of endogenously derived GS-E. Endogenous GS-E, which form as a result of oxidant or radiant stress, compete for efflux with a number of chemotherapy drugs including DOX, DAU, COL, VCR, VBL, and VRL, GS-E derived from alkylating agents or platinum coordinates which are known substrates for transport by RALBP1 (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) .
Our recent studies demonstrate that this mechanism plays a key anti-apoptotic role which is of central importance in malignant cells, but is not essential in non-malignant cells. Because of this, depletion or inhibition of RALBP1 in mouse syngeneic as well as human xenograft tumor models causes complete and durable responses without affecting weight gain or causing other toxicities (22) . These observations place RALBP1 as a central anti-apoptotic effector mechanism, an assertion validated by studies of others who have independently identified the function of RALBP1 as being directly linked as an effector in multiple signaling pathways critical in malignancy including Ras, Ral, cdc2, cdc42, Hsf-1, Src, EGF, TGFß, Akt, and insulin (25) (26) (27) (28) .
Our previous studies have focused on the role of RALBP1 as an anti-apoptotic GS-E and drug-transporter in solid tumors including melanoma, lung, prostate, and ovary (22) . Since RALBP1 is also expressed in cell lines derived from hematological malignancies (29), we have directly addressed the question of whether RALBP1 can play a role in mediating multidrug resistance in K562 human erythroleukemia cells in the present study. The results presented here indicate that RALBP1 can also function as a multidrug resistance mediating protein in K562 cells.
Materials and methods
Reagents. Reagents were obtained from the following; MEL was purchased from Sigma-Aldrich Company (St. Louis, MO), VRL from Gensia-Sicor Pharmaceutical Company (Irvine, CA), DOX from Adria Laboratories (Columbus, OH), DAU from Weyth Laboratories (Philadelphia, PA), VCR from Mayne Pharma (Mulgran, Australia), VBL from American Pharmaceutical Partners (Los Angeles, CA), and CDDP and MMC from Bristol-Meyers Squibb (Princeton, NJ). Reagents for preparing culture media were obtained from DIFCO Laboratories (Detroit, MI). Cell culture reagents were obtained from Life Technologies Incorporated (Grand Island, NY). Chemical reagents and horseradish peroxidasecoupled goat anti-rabbit antibodies were obtained from SigmaAldrich Chemical Company. Rabbit anti-human rec-RALBP1 polyclonal antibodies were made and purified according to a method previously described by us (15, 29) . DE-52 (DEAE cellulose) anion exchanger was purchased from Whatman International Limited (Maidstone, UK). Bio Beads (SM-2 adsorbent) and Chelex-100 resin was purchased from BioRad Laboratories (Hercules, CA). DNPSG-affinity resin for RALBP1 protein purification was prepared by a method previously reported by us (15, 29) .
Cell culture. Human erythroleukemia cell line K562 was obtained from American Type Culture Collection, Manassas, VA, and cultured at 37˚C in a 5% CO 2 atmosphere in RPMI-1640 medium containing 2 mM Glutamine, 10% (v/v) fetal bovine serum (FBS) heat-inactivated 1% (v/v) penicillin/ streptomycin solution. Cultures were maintained between 100,000 and 1,000,000 cells/ml. Cells with transfection contained an additional antibiotic Geneticin (G-418 300 μg/ml).
Transfection of K562. K562 cells were transfected with pcDNA3.1-RALBP1 using a Lipofectamine 2000 transfection reagent kit (Invitrogen), and controls were transfected with the empty vector alone as previously described (15, 20) . RNA was extracted and purification was carried out using an RNeasy kit (Qiagen). Expression of RALBP1 mRNA in K562 cells was evaluated by RT-PCR analysis. Overexpression of RALBP1 protein in K562 cells was evaluated by applying 200 μg aliquots of crude membrane extract to SDS-PAGE, followed by Western blot analyses using anti-RALBP1 IgG as a primary antibody. Fold induction of RALBP1 was quantified by scanning densitometry. Western blots were developed using the HRP method (Bio-Rad). For purification of RALBP1 from cells, DNPSG-Sepharose affinity chromatography purification was carried out from 1x10 8 cells from control and each transfected cell type. Purified protein (10 μg protein) was applied to SDS-PAGE, and subjected to Western blot analyses towards anti-RALBP1 antibodies.
Drug sensitivity assay. Viable trypan-blue excluding cell density was determined by hemocytometer, and 2x10 4 cells were seeded into each well of a 96-well plate in 200 μl RPMI medium. After 24-h incubation, 40-μl aliquots of drugs (CDDP, MEL, DOX, DAU, VCR, VBL, VRL, or MMC) freshly diluted in medium were added to achieve final concentrations between 10 and 10,000 nM to 8 replicate wells. After 72-h incubation, 20 μl (5 mg/ml stock) MTT was added to each well and incubated for 2 h at 37˚C. The plates were centrifuged and medium was removed. Formazan dye trapped in cells was dissolved by addition of 100 μl DMSO with gentle shaking for 2 h at room temperature, followed by measurement of absorbance at 570 nm. IC 50 values were obtained using nonlinear regression to fit a modified Hill equation (30) .
Drug uptake studies. Cells growing in log phase were collected and washed with PBS, and aliquots containing 5x10 6 cells were diluted in fresh RPMI medium containing
14 C]-DOX (3.6 μM) and then added to the medium and allowed to incubate for a predetermined time period (5, 10, 20, and 30 min) at 37˚C. Drug uptake was stopped by rapid cooling on ice. Cells were centrifuged at 2000 x g for 5 min at 4˚C and supernatant was decanted. Radioactivity was determined in the cell pellet after rinsing twice with ice-cold PBS using the Beckman LS-230 scintillation counter.
Drug efflux studies. Cells were collected and rinsed with PBS; aliquots containing 5x10 6 cells were suspended in fresh medium. After overnight incubation, the cells were centrifuged, pelleted, and re-suspended in 90 μl medium. [ 3 H]-VRL (0.1 μM) or [ 14 C]-DOX (3.6 μM) was then added to the medium and allowed to incubate for 60 min at 37˚C. Cells were centrifuged at 300 x g for 5 min, after which supernatant was removed completely and the cell pellet was washed twice with PBS. The pellet was immediately re-suspended in 1 ml of PBS; 50-μl aliquots (clear supernatant) were removed every minute for 15 min and added to vials containing scintillation fluid. The residual radioactivity in remaining PBS and cells at the end of 15 min was counted and back-addition was used to determine the cell-associated drug at each time-point as described previously (19) .
Cellular accumulation of MCB and DOX by fluorescence microscopy. Cells growing in suspension culture at a density of 5x10
5 cells/ml were treated with either 50 μM MCB, 10 μM DOX, or both for 20 min at 37˚C, rinsed with PBS, and cytospun on to glass slides using a Cytopro Cytocentrifuge (Wescor, Inc., UT). Subsequently, the slides were rinsed with PBS, fixed with 4% paraformaldehyde in PBS, and covered with glass cover-slips using Vectashield mounting medium for fluorescence (Vector Laboratories, CA). Fluorescence photomicrographs were taken using a LEICA DMLB (Germany) fluorescence microscope at magnification x400. The excitation and emission filters used were 380 and 470 nm respectively for MCB, and 495 and 550 nm respectively for DOX.
Results and discussion
Expression of RALBP1 in K562. Stable overexpression of RALBP1 was achieved in K562 cells as indicated by Western blotting against anti-RALBP1 antibody (Fig. 1A, inset) . RALBP1 protein level was unaffected by empty vector transfection. Quantifying RALBP1 protein by ELISA assay (20) showed a 3.8-fold increase in RALBP1 protein in overexpressing cells as compared with wild-type or empty vector transfected cells. This corresponded to a 2.7-fold greater RALBP1 mRNA content by RT-PCR using the forward (nt 1496-1515) and reverse (nt 1948-1968) primers. RALBP1 expression did not cause significant morphological alteration, but the growth rate was increased as evidenced by a reduction in doubling time by 20%.
Effect of RALBP1 overexpression on drug uptake and efflux.
The uptake and efflux of [ 3 H]-VRL and [ 14 C]-DOX was compared between wild-type, empty-vector, or RALBP1 transfected K562 cells using established methods (19) . A marked decrease in total uptake of both drugs was observed in cells overexpressing RALBP1 (Fig. 1A and B) . The efflux of both drugs from cells loaded with either drug was greater with RALBP1-overexpression ( Fig. 1C and D) . The emptyvector control was unaffected.
The greater cellular accumulation of DOX was confirmed by fluorescence microscopy. The effect of RALBP1 on GS-E accumulation was also examined using monochlorobimane (MCB) which yields a fluorescent glutathione conjugate (31, 32) . As with DOX, MCB accumulation in cells was reduced significantly in RALBP1 overexpressing cells (Fig. 2) . Fluorescence micrographs taken of cells loaded with both (19) . Results for cellular accumulation of VRL and DOX are shown (A and B) for wild-type (•), vector (■) and RALBP1-transfected cells (▲). The efflux of DOX was determined by integration of measurements of DOX or VRL appearing in the medium as well as the residual at the end of the experiment to obtain cellular drug-level and efflux rates as per results of a previously published study (19) (C and D) . All studies were performed in triplicate, with means and SD presented above.
MCB and DOX and examined with dual-excitation at 380 and 470 nm and emission at 495 and 550 nm showed the relatively greater accumulation of DOX in the nuclear compartment.
RALBP1 expression reduced the overall uptake of both drugs, and this effect was particularly apparent for DOX in the membrane compartment (Fig. 2) . Table I . Effect of RALBP1 overexpression and anti-RALBP1 IgG on sensitivity of drugs in K562 cells. 
The IC 50 values in nanomolar are presented as mean ± SD from three separate determinations with eight replicates each (n=24). Antibody concentration (either pre-immune or anti-RALBP1 IgG) is 37 μg/ml.
Multi-drug resistance conferred by RALBP1 overexpression.
Cytotoxicity assays were performed to examine the effects of RALBP1 transfection on anthracyclines (DOX, DAU), vinca alkaloids (VCR, VBL, and VRL), alkylating agents (MEL, MMC) and platinum coordinate (CDDP). The wild-type, empty-vector transfected, and RALBP1-transfected cell IC 50 was determined in cells growing in log phase 24 h after addition of pre-immune IgG or anti-RALBP1 IgG (Table I) . Whereas empty vector transfection had little or no effect, RALBP1 overexpression yielded 2-5-fold resistance to the cytotoxic effects for all drugs tested. Anti-RALBP1 IgG reduced the IC 50 of all cell lines, and caused reversion of resistance to the drugs in the RALBP1-overexpressing cells to near that seen in the wild-type or empty-vector transfected.
Significance. The results of the present study show for the first time that overexpression of RALBP1 results in a broadly drug-resistant phenotype in K562 human erythroleukemia cells.
Resistance encompassed the classical Pgp substrates (vinca and anthracyclines), as well as GS-E forming drugs (MMC, CDDP, MEL) known to be transported by ABCC1, ABCG2, and other MRP-related transporters (5) (6) (7) (8) 33) . The resistance was due to decreased overall cellular drug-accumulation caused by greater efflux. The specific nature of resistance was demonstrated by reversal using anti-RALBP1 IgG which has been shown previously to bind to a cell-surface epitope of RALBP1 (aa 171-185) and inhibit the transport activity of RALBP1 (34) . The differential ability of RALBP1 to mediate greater resistance to DOX than DAU suggests a possible reason for the greater efficacy of DAU in leukemia as compared with DOX. The ability of RALBP1 overexpressing cells to preferentially lower nuclear accumulation of DOX suggests that this transporter is operational also at the nuclear membrane. In this context, it should be noted that our recent study shows that RALBP1 mRNA depletion causes cancerspecific apoptosis in a number of malignant cell lines, including K562 (22) . The present findings highlight the possibility of using RALBP1 as a target not only to reverse multidrug-resistance, but also to directly mediate apoptosis. Pathological and clinical correlations are necessary to determine whether RALBP1 plays a role in clinical multidrugresistance in leukemia.
